Introduction
Degenerative diseases that affect the outer retina, such as retinitis pigmentosa or age-related macular degeneration, result in visual impairment and blindness. These diseases are characterized by the slow degeneration of rod and cone photoreceptors, followed by the remodeling of the remaining retinal circuitry (1, 2) . Several approaches to restore visual function to blind patients with retinitis pigmentosa are currently under investigation. First, photoelectronic retinal prostheses can be implanted into the eye to electrically stimulate the surviving retinal neurons (3) (4) (5) . The Argus II retinal implant has recently been approved by the US Food and Drug Administration as a treatment for retinitis pigmentosa, and the Alpha IMS (Retina Implant AG) was awarded a CE Mark in July 2013. Second, transplantation of stem cells or stem cell-derived cells is a promising approach to slowing or reversing retinal degeneration (6) (7) (8) (9) (10) (11) . Third, viral delivery and expression of optogenetic proteins (e.g., channelrhodopsin or LiGluR) targeted to specific retinal cell types can confer light sensitivity to the blind retina (12) (13) (14) .
These approaches all have the potential to restore visual function, but each has specific limitations. Retinal implants are highly invasive and difficult to remove and replace. The potential acuity of implant-restored vision is limited by the relatively low density of stimulating electrodes, which is constrained by the safe levels of stimulating electrical current. Stem cell treatments are irreversible and difficult to control precisely, while the expression of optogenetic tools requires viral gene therapy, which carries its own potential safety risks. The introduction of genetically engineered ion channels, such as LiGluR, also requires gene therapy, but the photoswitchable tethered ligands can at least be replaced by improved compounds, providing for potential flexibility for future innovation (13, 14) .
Here, we describe an improved photopharmacological approach for restoring visual function using a photochromic ligand (PCL) that may circumvent these limitations. PCLs are light-sensitive small molecules, such as ion channel blockers (15, 16) . These photoswitches can exist in two different configurations, i.e., (a) in their dark-adapted, thermodynamically stable trans-configuration or (b) in their less stable cis-configuration. Upon optical stimulation, PCLs reversibly switch between these two configurations, thereby altering the compounds' binding affinity for their target ion channels and, ultimately, enabling light-dependent control of neuronal function (15) (16) (17) . Due to the simplicity of this pharmacological approach, PCLs can be added, removed, or improved as needed and do not require any permanent genetic or anatomic modification.
Recently, we demonstrated that photoswitchable voltage-gated ion channel (VGIC) blockers, such as AAQ and DENAQ, can restore light sensitivity in blind mice (18, 19) . Very recently, we have shown that this approach can be extended to photochromic neurotransmitters (20) . Here, we introduce a type of ion channel blocker, termed DAD (diethylamino-azo-diethylamino), which exhibits features we believe to be unique compared with the previously published PCLs Photopharmacological control of neuronal activity using synthetic photochromic ligands, or photoswitches, is a promising approach for restoring visual function in patients suffering from degenerative retinal diseases. Azobenzene photoswitches, such as AAQ and DENAQ, have been shown to restore the responses of retinal ganglion cells to light in mouse models of retinal degeneration but do not recapitulate native retinal signal processing. Here, we describe diethylamino-azodiethylamino (DAD), a third-generation photoswitch that is capable of restoring retinal ganglion cell light responses to blue or white light. In acute brain slices of murine layer 2/3 cortical neurons, we determined that the photoswitch quickly relaxes to its inactive form in the dark. DAD is not permanently charged, and the uncharged form enables the photoswitch to rapidly and effectively cross biological barriers and thereby access and photosensitize retinal neurons. Intravitreal injection of DAD restored retinal light responses and light-driven behavior to blind mice. Unlike DENAQ, DAD acts upstream of retinal ganglion cells, primarily conferring light sensitivity to bipolar cells. Moreover, DAD was capable of generating ON and OFF visual responses in the blind retina by utilizing intrinsic retinal circuitry, which may be advantageous for restoring visual function.
Photopharmacological control of bipolar cells restores visual function in blind mice
back to trans with τ = 33 ms in DMSO (mono-exponential fit of the decay, red line Supplemental Figure 1B) .
Characterization of DAD in acute mouse brain slices. Previously published photoswitchable channel blockers affect various ion channels with different degrees of selectivity. Due to their rather nonspecific pharmacophore, i.e., the tetraethylamine moiety (TEA), many photoswitches target voltage-gated K + (K v ) channels (21) . As a proof of concept, we first assessed the effect of DAD on the function of layer 2/3 cortical neurons, which express K v and Na v channels. We determined DAD's wavelength sensitivity and kinetics in acute coronal brain slices from WT mice (Figure 2 , A, B, and E). The optimal switching wavelengths were in the visible range between 400 and 480 nm ( Figure 2 , A and B), which is in accordance with DAD's UV-Vis absorbance spectrum (Supplemental Figure 1) . In the dark-adapted state, trans-DAD blocks voltage-gated potassium channels ( Figure 2C ), while 460-nm illumination leads to unblocking of potassium channels within approximately 25 ms (τ unblock = 27 ± 0.86 ms, n = 11 cells) (τ unblock indicates mono-exponential fit of Kv-mediated current increase after switching on light.) ( Figure 2D ). Thermal relaxation occurs within 200 ms (τ off = 201 ± 12.1 ms) (τ off indicates monoexponential fit of Kv-mediated current decrease after switching on light), but τ off can be significantly decreased using 520-nm light (τ off = 72.1 ± 8.7 ms, P < 0.001, n = 9 cells) ( Figure 2E ). Only a minor effect of DAD could be detected when tested for sodium channel block by a voltage jump from membrane resting potential to a holding potential 0 mV (peak sodium channel currents before application of DAD [I peakNa ] = -3.42 ± 0.27 nA and peak sodium channel currents after the application of DAD [I peakNa-DAD ] = -2.98 ± 0.35 nA, P = 0.06, n = 6).
DAD restores light responses in the retinas of blind mice ex vivo. We next investigated the ability of DAD to restore light sensitivity in blind retinas. We utilized retinas from 3-to 7-month-old blind triple-knockout (TKO) mice (Cnga3 -/-Rho -/-Opn4 -/-mice, which are deficient in cyclic nucleotide-gated channel α3, rhodopsin, and melanopsin), which lack all native light responses driven by photoreceptors or photosensitive RGCs. The double knockout of Cnga3 and Rho results in the loss of photoreceptors within the first 3 months after birth (22) . Retinas were placed on a multielectrode array (MEA) to record light-dependent spiking activity from RGCs. For quantification of light-dependent spiking, we used the photoswitch index (PI), i.e., the normalized change in average firing rate upon illumination (18) . A PI of 0 indicates no light-dependent changes in spiking frequency, whereas a positive or negative PI implies an increase or decrease in spiking frequency upon illumination, respectively. Before the application of DAD, 460-nm light had no effect on the RGC firing rate (13.9 ± 3.4 spikes/s and 13.4 ± 2.8 spikes/s, respectively, average PI = -0.06 ± 0.10, P = 0.43; n = 6 retinas) ( Figure 3 , A and ( Figure 1 ). We therefore consider this the first third-generation PCL in the VGIC family. DAD is not permanently charged, resulting in increased solubility and enhanced permeation. Furthermore, DAD selectively photosensitizes retinal neurons upstream of retinal ganglion cells (RGCs), which may enable more complex retinal signal processing. To demonstrate its potential for restoring visual function, we characterize the effect of DAD on the blind retina in vitro as well as in vivo.
Results
Synthesis, design, and logic of DAD. DAD ( Figure 1 , A and B) was designed as a bis-tertiary-amine, which enables it to cross biological barriers in the uncharged form while being highly soluble in physiological solution when singly or doubly charged. As such, it structurally resembles lidocaine ( Figure 1A ) and therefore may have a similar pharmacokinetic and pharmacodynamic profile. The relationship of DAD to its permanently charged secondgeneration analog DENAQ ( Figure 1A ) is similar to that of lidocaine and QX-314 ( Figure 1A) .
The synthesis of DAD is described in detail in the Supplemental Methods. DAD was prepared in 5 synthetic steps starting from the commercially available dye Disperse Red 1 (Sigma Aldrich). Key transformations included an Appel reaction, amide bond formation, and two nucleophilic substitution reactions using diethylamine. DAD possesses the typical UV-Vis absorption spectrum and thermal stability of a red-shifted azobenzene (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI92156DS1). It can be isomerized maximally to its cis form with 480-nm light and thermally relaxes line, which expresses a nonsense mutation in PDE6b (23) (Supplemental Figure 3B ). In addition, correlation plots of individual experiments were performed (Supplemental Figure 3C ) as well as cell-attached patch-clamp recordings on RGCs (Supplemental Figure 4 ). In these patch-clamp experiments, we not only verified the presence of light ON and OFF responses, but observed light responses with different kinetics. Those RGCs that responded to light with a fast transient light ON response were further investigated with higher-frequency stimulation (Supplemental Figure  4A , traces 1 and 2). A stimulation frequency of 5 Hz could be followed with a failure rate of 11.5% ± 4.7% (i.e., the number of light stimuli with no spike in 100 sweeps) (n = 4 cells). After increasing the light stimulation frequency to 10 Hz, the failure rate rose to 23.7% ± 13.3% and the number of spikes per light stimulus decreased (Supplemental Figure 4 , B and C). However, in some cases, even a 10-Hz stimulus could be followed with a failure rate of 0% (Supplemental Figure 4B) . DAD preferentially photosensitizes bipolar cells. In order to evoke the observed, diverse pattern of RGC light responses, it is likely that DAD photosensitizes retinal neurons upstream of RGCs (i.e., bipolar and/or amacrine cells). We tested this hypothesis by synaptically isolating RGCs via application of CdCl 2 , which completely abolished the DAD-mediated light response (average C). After a 3-minute incubation with 200 μM DAD, light elicited a 2.6-fold increase in average RGC firing rate (RGC firing rate in the dark = 8.46 ± 1.41 spikes/s and in the light 22.02 ± 2.78 spikes/s, respectively; average PI = 0.42 ± 0.05, P = 0.0002; n = 13 retinas) ( Figure 3, B and D) . The PI of DAD-treated TKO retinas was close to that of WT retinas (photoswitch index wild type [PI wt ] = 0.65 ± 0.05) (14) , as was the PI distribution (Supplemental Figure 2 ). In addition, the application of DAD resulted in an average decrease of 4.3 Hz in spontaneous firing rate in darkness in DAD-treated TKO retinas, thereby increasing signal to noise (18.01 ± 1.58 spikes/s and 13.69 ± 1.90 spikes/s, respectively; n = 10 retinas, P = 0.0039).
When analyzed on a single-cell level, photoswitch-activated RGCs can be classified by their light response polarity in cells that increase their firing rate upon illumination (66% of all RGCs), those increasing their firing rate when light is turned off (22%), and those responding both to light onset and offset (12%) (n = 687 RGCs in 11 retinas). Individual RGCs with a pronounced light OFF response were present in all MEA recordings. However, only a few retinas had a sufficiently high number of light OFF responses to be recognizable in the histogram (Supplemental Figure 3A) . This was true not only for the blind TKO mouse line, but also for an alternative model for outer retinal degeneration, the rd1 mouse Notably, both EPSCs and IPSCs could be significantly reduced by application of NBQX and D-AP5 (average EPSC = -10.87 ± 5.47 pA, n = 11 cells, P < 0.001; average IPSC = 7.03 ± 3.79 pA, n = 13 cells, P = 0.01) ( Figure 4 , E and F, red traces and Figure 4G ). These findings demonstrate that DAD is capable of generating light-elicited excitatory and inhibitory synaptic inputs on RGCs, by photosensitizing bipolar cells, while DAD does not directly act on amacrine cells ( Figure 4 , E, F, and H).
In an additional set of patch-clamp recording experiments on RGCs, DAD was applied either intracellularly or extracellularly to investigate whether the accessibility of DAD in RGCs plays a role in their photosensitization. When DAD was applied in the intracellular solution, small and slow light-induced currents were detected at a holding potential of -75 mV (Supplemental Figure  6A ). These currents increased at -100 mV (Supplemental Figure  6 , A and G). After extracellular DAD application, light-induced currents resembled the sole excitatory input from bipolar cells, which exhibited a large peak current followed by a smaller plateau phase (Supplemental Figure 6B) . The fast component could be blocked by the application of NBQX and D-AP5, indicating that it originates from bipolar cells (Supplemental Figure 6C) .
A larger light-induced current at -100 mV compared with -75 mV holding potential indicates an effect of DAD on HCN channels (Supplemental Figure 6) . We therefore tested DAD in presence of 75 μM ivabradine, a selective blocker of hyperpolarizationactivated currents (I h ) currents on MEA (24) . The application PI = -0.02 ± 0.01, n = 8 retinas, P < 0.05) (Supplemental Figure  5A ). The light response was also strongly reduced when excitatory synaptic transmission was selectively blocked using NBQX and D-AP5 (average PI = 0.08 ± 0.01, n = 6 retinas) ( Figure 4 , A and B). Pharmacological blockade of inhibitory synaptic inputs did not eliminate the light response or invert its polarity (PI = 0.32 ± 0.03, n = 6 retinas) (Supplemental Figure 5B) . Here, the overall reduction in PI results from an increase in basal activity, whereas the light response remains largely unaffected. This is in contrast to AAQ-mediated light responses, which inverted after blockade of inhibitory inputs (18) . These results suggest that DAD mainly photosensitizes bipolar cells rather than amacrine cells or RGCs.
To confirm our hypothesis that DAD primarily photosensitizes bipolar cells and investigate whether the intrinsic retinal circuitry is utilized, we performed patch-clamp experiments on RGCs in retinal whole-mount preparations. Excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively) were recorded using an intracellular solution blocking all intrinsic activity of the recorded RGC. Before treatment with DAD, RGC recordings showed no light-dependent postsynaptic potentials (average EPSC = -2.97 ± 0.77 pA, n = 9 cells; average IPSC = 3.51 ± 0.52 pA, n = 9 cells) ( (27, 28) . The time to peak was detected with 0.62 ± 0.07 ms (n = 8) ( Figure 5D ). Intracellular application of TEA, Cs + , and EGTA as well as extracellular application of TTX did not significantly affect current size or time to peak (-54.83 ± 6.49 pA and 0.67 ± 0.25 ms, P = 0.37 and P = 0.83, respectively) (Supplemental Figure 11 , A and B). To further confirm that this of ivabradine resulted in an increase in background firing rate; however, it did not eliminate DAD-induced peak light responses (Supplemental Figure 7 ) (photoswitch index in presence of ivabradine [PI iva ] = 0.24 ± 0.07, P = 0.03, n = 6 retinas). This result was confirmed in patch-clamp experiments after application of DAD and ivabradine to the extracellular solution. At holding potentials of both -75 mV and -100 mV, plateau currents were small whereas peak currents were unaffected by block of HCN channels (Supplemental Figure 8 ).
Previous generation photoswitches have been shown to target HCN channels as well (19) , and recently, Tochitsky et al. demonstrated that the uptake of second-generation photoswitches relies on P 2 X receptor expression (25) . We therefore assessed whether DAD uptake into retinal cells also depends on the expression and activation of P 2 X receptors in degenerated retinas. Application of 1 mM PPADS prior to DAD administration, however, did not result in a decrease of light response but rather led to an improvement in the light response (Supplemental peak current is mediated by DAD, we performed a wavelength screen (n = 8 cells) and measured a similar wavelength sensitivity spectrum to that in response to DAD application in acute brain slice preparations (Figure 2 and Figure 5 , E and F), which is also consistent with UV-Vis measurements (Supplemental Figure 1) . These data are consistent with the conclusion that DAD mediates a transient excitatory (inward) current in retinal bipolar cells. DAD was designed specifically to modulate with K + channels that exhibit voltage-dependent conductance (29) . However, direct measurement of the DAD-evoked light response in whole-cell voltage clamp revealed that these currents were not, in fact, voltage dependent. Instead, DAD-evoked peak currents were inward at all holding potentials tested (-100 to +40 mV; Figure 5 , G-L). After application of DAD, two light-dependent currents were detected: (a) a short transient light response, which was independent from membrane holding potential, and (b) a slow, sustained, outward-rectifying current. The transient component could not be blocked by the extracellular application of TTX and intracellular application of TEA, Cs + , and EGTA, whereas the slow-sustained current was sensitive to these blockers ( Figure 5 , G-L, respectively). Thus, the sustained, but not the transient, response was mediated by K v channels in the bipolar cells. The mechanisms mediating the transient, non-voltage-dependent response are less clear. One possibility is that this transient response was mediated by responses arising from neighboring bipolar cells, which were conveyed through gap junctional coupling (30) (31) (32) . Moreover, intracellular application of ion channel blockers would not affect neighboring cells and, therefore, the currents cannot be blocked completely. To determine whether disrupting bipolar cell coupling would reduce the transient DAD-elicited currents, we bath applied the gap junction blocker meclofenamic acid (MFA; 200 μM) (33) . Consistent with a gap junctional origin, application of MFA reduced the transient current response by more than 50% (-25.07 ± 4.51 pA) in bipolar cell patch experiments (Supplemental Figure 11 , C and D) as well as in MEA recordings (Supplemental Figure 11 , E-G).
DAD selectively photosensitizes retinas undergoing photoreceptor degeneration. Photoreceptor degeneration is accompanied by synaptic remodeling and neural reprogramming (2, 34) . Retinal remodeling also causes changes in the expression of various receptors and ion channels and can facilitate the selective photosensitization of the blind retina by azobenzene photoswitches (19) . To determine whether the effect of DAD is selective for the blind retina, we evaluated its ability to photosensitize retinas from WT mice and other blind mouse strains with and without retinal degeneration.
The analysis of DAD-mediated photosensitization was performed using 5 Figure 6F ). In addition, the waveforms of light-dependent RGC firing were qualitatively identical to those seen in TKO mice (data not shown).
DAD was not able to elicit any light responses in nondegenerating retinas (Tra -/-Cnga3 -/-Opn4 -/-= 1.8 spikes/s) (Figure 6 , F and G, and Supplemental Figure 12C) . A small residual light response could be detected in the Gnat1-/ Gnat2 -/-Opn4 -/-retina prior to DAD treatment ( Figure 6E and Supplemental Figure 12B ), most likely due to alternative G protein pathways of the visual cascade in photoreceptor cells (41) . However, this light response was at least 2.5-fold smaller compared with DAD-induced light responses in TKO retinas and was not increased by application of DAD (light-elicited change in RGC firing rate: Gnat1 -/-Gnat2 -/-Opn4 -/-= 18.7 spikes/s, TKO = 52.6 spikes/s, P = 0.009) ( Table 1 and Figure 6G ).
Since the photoreceptor degeneration gradually progresses in the TKO retina, we compared the effect of DAD in young versus old TKO mice. Until postnatal week 3, the TKO retina remains morphologically largely intact, even when the mice are born blind, whereas at 6 months, photoreceptor degeneration is complete (22) . We compared light responses for two time points (3-weekold and >6-month-old TKO mice). In all cases, young TKO mice had reduced light-dependent spiking rates compared with older TKO mice (photoswitch index in more-than-6-month old mice [PI old ] = 0.48 ± 0.03, n old = 6; photoswitch index in young mice [PI young ] = 0.29 ± 0.01, n young = 7, P = 0.007) (Figure 6 , D, E, and H). This further confirms the hypothesis that retinal degeneration is a prerequisite for enabling DAD-mediated retinal photosensitization.
Spatiotemporal properties of the DAD-mediated light response. Visual acuity is highly dependent on the kinetics of the light response. We therefore assessed the minimum light application mice, referred to as rd1/rd1 Opn4 -/-mice), 2 mouse models of stationary night blindness, which show minimal or no intrinsic light responses but do not undergo retinal degeneration (Gnat1
Gnat2
-/-Opn4 -/-mice, which lack the G protein transducin α subunits 1 and 2 and melanopsin, and Tra -/-Cnga3 -/-Opn4 -/-mice, which lack transducin α, cyclic nucleotide-gated channel α3, and melanopsin) (35) (36) (37) , and WT retinas under two different conditions (WT in artificial cerebrospinal fluid [ACSF] and WT in presence of NBQX and L-AP4 to block synaptic transmission between photoreceptor cells and bipolar cells). A schematic overview of the experiments is depicted in Figure 6A .
When applied to WT retinas, DAD did not change the amplitude or polarity of the retinal light response ( Figure 6 , B and C). DAD treatment did not significantly alter the average retinal ON or OFF light response (Table 1 and Figure 6 , F and G), and the distribution of individual ON, OFF, and ON/OFF RGC light responses did not change either (Supplemental Figure 11) . Since the effect of DAD on inner retinal neurons might be overshadowed by the photoreceptor-mediated light response in the WT retina, we performed a second set of experiments in the presence of the mGluR6 receptor agonist L-AP4 and AMPA/kainate receptor antagonist NBQX, blocking ON and OFF signaling from photoreceptor cells, respectively (38) (39) (40) . Only a small residual light response could be detected after application of these blockers, which was not enhanced by DAD treatment (Table 1, Figure 6F , and Supplemental Figure 12A ). To show that NMDA receptor signaling is sufficient to convey synaptic transmission from bipolar cells to RGCs, we performed the same experiments in the blind TKO mouse after treatment with DAD and detected large light-dependent changes in RGC firing rate on the MEA (PI = 0.51 ± 0.11, n = 5 retinas) (Supplemental Figure 13 ).
To evaluate DAD in another mouse model of blindness, we studied its effect on the rd1 mouse retina. As expected, DAD could 
Opn4 -/-mice (n = 5), and TKO mice (n = 13). Statistical tests were performed in respect to change in TKO mice and Bonferroni corrected. (H) Photoswitch indices for DAD-treated TKO retinas in young (<3 weeks, n = 7 retinas) versus old mice (>6 months, n = 6 retinas). Statistical analysis was performed using the nonsigned Wilcoxon rank-sum test. **P < 0.01; ***P < 0.001. ous cavity of rd1/rd1 mice. At several time points after injecting a solution of 5 mM DAD (0.5% DMSO in buffered salt solution, 2 μl), mice were sacrificed and the retina was put on a MEA to record RGC activity. Three to six hours after injection, robust light responses were detected (PI = 0.38 ± 0.04, n = 4 retinas) (Supplemental Figure 16 , A and B). The retinas were light responsive for up to 24 hours (half-life = 8.8 hours) (Supplemental Figure 16C) , i.e., until the vitreous cavity was cleared of DAD. The fast wash out mirrors the high solubility of DAD in physiological buffers as well as in macaque vitreous (Supplemental Figure 16D ). For future in vivo studies, additional solvents (e.g., DMSO) need to be avoided. Therefore, DAD was also formulated as DAD-HCl salt, which was readily soluble in water or buffer (200 mM). The HCl formulation of DAD was at least as effective as DAD in DMSO after intravitreal injection (Supplemental Figure  16B ) and was therefore used for all in vivo experiments and for ex vivo experiments after it was confirmed that there was no difference in activity.
To determine whether DAD-HCl is capable of restoring light-dependent visual responses to blind mice, we utilized a lightdark shuttle box ( Figure 7 ) (45) . Briefly, mice were placed in a dual chamber enclosure, with one transparent side and one opaque side. The total time spent on each side of the apparatus was measured for a 5-minute-exposure time to either light or darkness (in which case the two sides of the apparatus would both be "dark"). As shown in Figure 7A , WT mice spent 50% of their time in darkness on each side of the apparatus, but when the apparatus was placed in white light, they spent approximately 80% of their time on the dark side of the apparatus. When rd1/rd1 Opn4 -/- (46) animals were placed in the apparatus, they spent 50% of their time on each side of the apparatus, regardless of whether the apparatus was placed in light or dark conditions ( Figure 7B ). Two hours after intravitreal injection of DAD, the same mice showed a strong preference (72%) for the light side of the box under light treatment, while the preference remained at 50% when tested under dark conditions ( Figure 7C) . A similar paradoxical preference for light was also observed in "positive masking" under dim light conditions in melanopsin-deficient mice (47) .
Discussion
Over the past decade, several approaches, including retinal implants, stem cell therapy, and viral gene therapy, have been pursued with the goal of reversing outer retinal blindness and preventing progressive retinal degeneration. Despite their great promise, these approaches share several drawbacks -they are either highly invasive and/or essentially irreversible. Thus, these treatments cannot be readily terminated in case of adverse side effects. Furthermore, it is difficult if not impossible for improved treatments to be delivered to the same cohort of treated patients. Our PCL approach circumvents these challenges by exploiting the advantages of photopharmacology. PCL molecules, such as small-molecule ion channel blockers, can be easily injected into the eye (Supplemental Figure 16) (18, 19) . In this work, we characterize DAD, a third-generation photoswitch.
When compared with previous PCLs applied to blind retinas (i.e., AAQ and DENAQ), DAD shows three advantageous features. First, DAD preferentially photosensitizes bipolar cells. Second, able to trigger a significant increase in spiking activity. Under bright light conditions (1.25 × 10 16 photons/cm 2 s, 5.5 mW/cm 2 ), a short 50-ms light pulse was sufficient to trigger a significant increase in RGC spiking frequency (P < 0.05, n = 8 retinas) ( Supplemental Figure 14A) . The maximum firing rate was achieved with 500-ms to 1,000-ms light pulses (average PI = 0.49 ± 0.03, n = 8 retinas) (Supplemental Figure 14, A and B) . When light was switched off after maximal stimulation, the firing rate returned to baseline within approximately 1,000 ms (τ off = 621.4 ± 51.3 ms) (n = 8 retinas).
The minimum light intensity for triggering RGC responses in DAD-treated rd1/rd1 retinas was 3 × 10 13 photons/cm 2 s (13.5 μW/ cm 2 ) (Supplemental Figure 14C) , similar to the threshold reported for DENAQ (16) as well as for retinas expressing channelrhodopsin or halorhodopsin (12, 42 ). In order to test whether DAD-treated retinas are able to generate spatially precise light responses, an important feature of any vision restoration approach (43), we set out to characterize the response properties of DAD-treated rd1 retinas to small spot light stimulation. Illumination with a 90-μm spot of white light resulted in an increase in activity of the RGCs recorded by the illuminated electrode (PI = 0.41 ± 0.15, n = 22 cells) (Supplemental Figure  15A) . None of the surrounding RGCs responded to the stimulus (PI = 0.00 ± 0.11, n = 1,206 cells, P < 0.001) (Supplemental Figure  15B) . As we stimulated the retina with spots of light of increasing diameter, the RGC light response saturated at a spot size of 240 μm, close to the previously reported average dendritic field diameter of mouse RGCs (Supplemental Figure 15C) (44) . Stimulation with a 30-μm diameter light spot triggered an increase in activity in most illuminated RGCs, suggesting that neighboring RGCs can, in principle, be controlled independently of one another.
DAD restores innate light-dependent behavior in blind mice. We next set out to determine DAD's suitability as a potential therapeutic for restoring visual function. To test this, we first determined the decay time of DAD availability after injection into the vitre- ). Statistical analysis was performed using paired 1-tailed Student's t test. *P < 0.05; ***P < 0.001. jci.org
Volume 127 Number 7 July 2017 mice (12, 52, 53) . However, the delivery of optogenetic tools requires viral gene therapy, which carries a number of potential safety risks. Furthermore, expression in remaining cones is restricted to the early onset of retinal degeneration, when cone cell bodies are still present. Viral transfection affects not only degenerated areas of the retina, but also healthy parts, which may interfere with normal light responses in still intact areas of the retina. DAD is highly soluble (up to 200 mM in physiological buffers) as compared with previously described photoswitches. This high solubility of DAD has both positive and negative aspects. On the one hand, it increases access to retinal tissue; on the other hand, it leads to fast wash out after intravitreal injection (Supplemental Figure 16C) . Furthermore, because of the high extinction coefficient (26,772 l/mol cm) of DAD, it filters a large portion of the useful wavelength light from reaching the retina when applied in high concentrations to the vitreous. However, solubility is often a limiting factor for drug application, and poor solubility often hard to overcome. The high solubility of DAD opens the possibility of sustained drug release using nanoparticles (54) (55) (56) . Sustained drug release would be advantageous in two respects: (a) the drug would be available in the vitreous for days to weeks after nanoparticle injection and (b) a sustained release method will lead to a reduction in working concentration from 5 mM to 200 μM in vivo, which would increase the amount of light reaching the retina through DAD-stained vitreous. Alternatively, subretinal or suprachoroidal DAD delivery may allow for a therapeutic dose to reach the retina while not staining the vitreous or lens.
DAD light sensitivity is comparable to previously reported photoswitches, with a light intensity threshold of 3 × 10 13 photons/ cm 2 s, which is equal to bright daylight conditions (Supplemental Figure 14C) (18, 19) . However, the behavioral effect of DAD in vivo is paradoxical: while WT mice prefer dark conditions in a lightdark shuttle box, DAD-treated animals preferred the light side of the box. It has previously been shown that low light levels augment activity in mice (positive masking) (57) . This positive masking is replaced by negative masking (i.e., less activity) as the light intensity increases. Negative masking has also been seen in animals with degenerated retinas, i.e., no light sensitivity. Therefore, positive masking has also been used for determining the stage of retinal degeneration, as the same light levels are perceived differently in mice undergoing retinal degeneration when compared with WT mice (58) . We hypothesize that the high light absorption by DAD in the vitreous decreases the light levels sufficiently that the mice sense it as low light levels. DAD, however, clearly restores behavioral light sensitivity, and it remains to be investigated whether lower intravitreal concentrations reverse the positive masking. Alternatively, the specific bipolar pathways excited by DAD could induce positive masking as well. Future experiments, including the analysis of the effects of DAD on the intrinsically photosensitive RGCs that mediate masking (47, 59, 60) , will determine the mechanism of the observed paradoxical responses to light.
Like the second-generation photoswitch DENAQ, DAD has no apparent effects on light-induced firing in healthy mouse retinas. In patients undergoing retinal degeneration, large parts of the retina often remain unaffected over a long period of time. For example, in patients with retinitis pigmentosa, peripheral vision is lost first followed by a much slower degeneration in central areas (61) .
DAD is able to generate more complex output signals from RGCs (i.e., ON-OFF responses). And third, DAD has in increased solubility in water or physiological buffer.
Similar to DENAQ, DAD affects HCN channels in RGCs, but unlike DENAQ, DAD's photosensitizing effect is largely mediated by bipolar cells, thereby utilizing more of the remaining retinal circuitry, i.e., bipolar and amacrine cells. This finding is supported by the fact that light elicited EPSCs recorded from DAD-treated TKO RGCs (Figure 4) . We have further demonstrated that DADmediated peak currents are eliminated by application of NBQX and D-AP5. The plateau currents mediated through HCN channels, however, were reduced but not prevented by the excitatory blockers (Supplemental Figure 6) . It is therefore conceivable that only the summation of DAD-mediated excitatory synaptic input from bipolar cells and the depolarization of RGCs through HCN channel block combine to generate a sufficiently strong inward current to drive RGC activity. This could also explain the transient and sustained phases of the light response, with the transient peak primarily due to synaptic input and the sustained plateau attributable to the depolarization of RGCs. This hypothesis is consistent with the MEA experiments in which the transient peak response is clearly eliminated by synaptic blockers (NBQX and D-AP5). Nevertheless a few individual RGCs still exhibited light-dependent modulation of activity, especially after a long (>20 minute) DAD incubation (Supplemental Figure 17) .
There are three possible pathways for how DAD restores light sensitivity to blind retinas. First, DAD might activate cone bipolar cells, then form synapses on RGCs as well as surrounding amacrine cells ( Figure 4H ). Second, rod bipolar cells could be triggered by DAD to activate AII amacrine cells and then cone ON-RGCs through gap junctions ( Figure 4H ) (48) . Third, small OFF responses could be induced via the rod bipolar and AII amacrine cell pathway on OFF-RGCs via a glycinergic synapse ( Figure 4H) (14, 33, 49, 50) .
Additional patch-clamp studies in bipolar cells revealed that DAD induces a transient light response, which is insensitive to membrane voltages and a slower second component that is mediated via potassium channels. The reduction of DAD-mediated currents by the application of MFA indicates that the transient current is conveyed through gap junction coupling. However, the molecular target of DAD remains to be determined.
In contrast to all previous PCLs, which were only able to generate light ON responses in the blind retina (18, 19) , DAD overcomes this limitation by partially restoring both the ON and OFF retinal light responses (Supplemental Figure 3 and 4 ; although it should be noted that OFF responses were less frequently observed than ON in our experiments; the reason for the preferential restoration of the ON pathway is not presently known). This could allow additional spatial and temporal information for further processing and could theoretically lead to better image resolution (i.e., limited by the density of bipolar cells) or potentially allow patients to distinguish moving patterns (51) . However, it remains to be determined whether DAD is able to restore high acuity spatial and temporal vision (such as that measured by optokinetic reflex testing in mice). Optogenetic approaches to vision restoration, such as expression of halorhodopsin in remnant cones or expression of ChR2 or the chimeric light-sensitive opto-mGluR6 receptor in ON bipolar cells, are also capable of restoring both ON and OFF retinal light responses in rd1 jci.org Volume 127 Number 7 July 2017 current approaches in clinical trials (4) . DAD demonstrates that photoswitches, like optogenetic tools, can affect a variety of different cell types in the retina and generate a variety of different light responses. It also provides a template for the development of new cell-type selective photoswitches -an important goal for the restoration of complex visual function.
Methods
Chemical synthesis. DAD was synthesized as an HCl salt in accordance with the synthetic route described in the Supplemental Methods. All other chemicals were purchased from Abcam or Tocris Bioscience. Animals and retina preparation. For MEA recordings, unless noted otherwise, we used 3-to 7-month-old homozygous TKO mice. These completely light-insensitive mice were generated by crossing the Cnga3 −/− Rho −/− double knockout mouse (22) Retinal slice preparations were performed with 3% low-melting agarose in HEPES Ringer (pH = 7.4). A small Pasteur pipette was used to fill a 35-mm Petri dish with low-melting-point agarose (Invitrogen). Forceps were used to test consistency and after begin of solidification of the agarose the flattened retina was transferred to the top of the agar. Excess solution was removed with a filter paper, and a few drops of melted agar were placed directly on top of the retina. A circular plastic cylinder was placed over the retina to form a wall around it. Then, the cylinder was filled with melted agar, and the Petri dish was placed on an ice water bath to cool. After complete solidification of the agar (approximately 1 minute), the cylinder was removed and the agar containing the retina was extruded. A razor blade was used to cut out a small block of agar containing the retina. The agar block was glued to the specimen disc and filled with ice-cold HR. Slices with a thickness of 400-450 μm were cut using a Campden vibratome 7000 smz-2 (NPI Electronic) and directly transferred to the recording chamber. The slice anchor was mounted to hold down the surrounding agar, while the retina was unobstructed for recordings.
MEA electrophysiology. For extracellular recordings, a flat-mounted retina was placed ganglion cell layer down onto an MEA chip (200/30 ITO, Multichannel Systems) and recorded on a MEA 1060-inv-BC system (Multi-Channel Systems). Retinas were pretreated with 200 μM DAD for 3 minutes, followed by a 15-to 25-minute wash with ACSF. Extracellular spikes were high-pass filtered at 300 Hz and digitized at 20 kHz. A spike threshold of 4 SD was set for each channel. Typically, each electrode recorded spikes from 1 to 3 RGCs. Analysis of spike Here, it would be preferable to selectively target degenerated parts of the retina and exclude the remaining healthy areas. Application of DAD in early stages of disease is conceivable, as activation in partly degenerated retinas (<3 weeks old) has been demonstrated. Whether multiple or long-term DAD applications have effects on healthy retinal tissue remains to be determined. Toxicological studies, including assessment of the effects of repeated exposure, are an integral part of future investigations in rabbit and dog retinas.
At present, we do not know why DAD only affects degenerating retinas and has no effect on morphologically intact tissue. Studies on previous generation photoswitches have demonstrated that uptake through P 2 X receptors, which are upregulated in retina undergoing degeneration, play a crucial role (25) . The same mechanism, however, could be excluded for DAD treatment (Supplemental Figure 8) . This result was not surprising, since the biophysical properties of DAD (i.e., not permanently charged) are different from previous VGIC photoswitches. The basis of DAD selectivity for degenerated retina remains unclear. The noncharged fraction of DAD may penetrate the membrane directly, allowing DAD to access all retinal cell types. We have, however, shown that it primarily photosensitizes retinal bipolar cells. The increased excitability of the retinal bipolar-amacrine cell network in retinas undergoing degeneration has been studied extensively (62, 63) . Small changes in the membrane resting potential of bipolar cells during retinal degeneration have been shown to form oscillations in the AII/ON bipolar cell pathway characteristic of retinas undergoing degeneration (63, 64) . Other studies, however, have shown that bipolar cells in the rd1 retina remain relatively hyperpolarized (26) . ON bipolar cells showed a membrane potential of -52 mV, approximately 7 mV depolarized compared with nondegenerated retinas (26, 65) . Trenholm et al. on the other hand argue that a decrease in resting cationic conductance through loss of mGluR6-gated channels may lead to an increase in input resistance, which could also affect the ability of photosensitization by DAD (63) . However, whether the shifts in membrane potential or an increase in input resistance enables DAD photoactivation of bipolar cells remains to be investigated.
We have also demonstrated that in DAD-treated retinas there is a population of RGCs that exhibit fast light ON responses and is able to follow a temporal 5-Hz light stimulation (Supplemental Figure 4 ). WT mice have been shown to reliably follow a 5-to -7-Hz light stimulation; only a small subset of RGCs, which receive cone-mediated responses, are able to temporally distinguish 10-to 30-Hz light stimulation (66) . Behavioral studies in WT mice demonstrated a predominant 2-to 5-Hz light sensitivity (67) . Therefore, we conclude that DAD could in principle recover temporal light response similar to those in WT mice.
Taken together, DAD is an improved photoswitch for "retinal reanimation" (68) and potential reversal of outer retinal blindness. In addition to its increased solubility in physiological buffers, DAD targets retinal neurons upstream of RGCs and therefore generates a more complex and more native output signal when compared with previous PCLs. Thus, it restores both ON and OFF light responses in blind retinas. Furthermore, DAD only targets retinas undergoing degeneration; therefore, healthy tissue will likely not be affected, as in genetic approaches. It is likely that a photopharmacological treatment would be less disruptive than jci.org Volume 127 Number 7 July 2017
Prizmatix) with a light intensity of 3.1 × 10 16 photons/cm 2 s(13.5 mW/ cm 2 ) unless stated otherwise. For white light recordings, a xenon light source (Sutter Instruments) fed through a liquid light guide and diffusing filter (Thorlabs Inc.) was used. Intensities and wavelengths of light were adjusted via neutral density filters (Thorlabs Inc.) and calibrated with a radiometer (Advanced Photonics International). Light stimuli were delivered and monitored by a computer-controlled shutter (Vincent Associates).
To compare light sensitivity of DAD to DENAQ, those experiments were performed under the same conditions as previously published (16) . The photon flux equivalent for DAD-treated retinas was calculated using 450 nm (photoswitch absorbance peak) photon energy. The incident white light intensity for rd1/rd1 retinas was 1. A typical MEA stimulation protocol consisted of 10 cycles of alternating 15-second light/dark intervals. The same protocol was applied for analysis of single spot illumination and after intravitreal injections. For patch-clamp recordings in whole-mount retina preparations the UHPMic-LED-460 (Prizmatix) (460 nm) was connected to the microscope. The action spectrum of DAD was determined in brain slice whole-cell patch-clamp recordings using a Polychrome V (Till Photonics).
Pharmacology. In order to block excitatory input on RGCs, 25 μM NBQX and 50 μM D-AP5 were perfused. Inhibitory currents were blocked using a cocktail of 1 μM strychnine, 5 μM picrotoxine, and 10 μM (1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid (18, 19) . RGC isolation was achieved with a combination of above-mentioned blockers for excitatory and inhibitory input or by application of 500 μM CdCl 2 . To block photoreceptor inputs onto bipolar cells in WT retinas, we applied 10 μM L-AP4 and 25 μM NBQX, respectively.
Data analysis. For MEA recordings, we calculated the peak RGC firing rate in 100-ms bins for individual retinas in light and in darkness. In order to normalize light-elicited changes in firing rate of individual RGCs in retinas, we calculated the PI as previously described (18, 19) : PI = (firing rate in the light − firing rate in darkness)/(firing rate in the light + firing rate in darkness). The first second of dark and light intervals was used to measure the peakfiring rate. Data analysis was performed using custom routines within the IgorPro software (Wavemetrics) or Matlab. Correlation of RGC spiking was analyzed using a 1-second binning prior illumination and the 1 second at the beginning of illumination. A PI of 0.1 was set as minimal threshold for detection.
Intravitreal injections. Before injection, animals were anesthetized with isofluorane (2%) and their pupils were dilated with tropicamide (1%). An incision was made through the sclera, below the ora serrata with a 30-gauge needle, and DAD or DAD-HCl (5 mM DAD in PBS, if not otherwise indicated) was injected into the vitreous with a blunt-ended 32-gauge Hamilton syringe.
UV-Vis spectra. 50 μM DAD was dissolved in buffer containing 138 mM NaCl, 1.5 mM KCl, 2.5 mM CaCl 2 , 1.5 mM MgCl 2 , 10 mM glucose, and 5 mM HEPES. The pH has been adjusted to 7.3 with NaOH. Samples were recorded in a 100 μl cuvette with light introduced via a glass fiber coupled to an UHP-Mic-LED-460 (Prizmatix). The glass fiber was arranged perpendicular to the light path of the spectrometer (Varian Cary 50).
waveforms was performed using the principle component analysis of spike waveforms using Plexon Offline Sorter (version 3).
Patch-clamp electrophysiology. Whole-cell patch-clamp recordings in cortical layer 2/3 neurons were performed in acute coronal slice preparations from WT mice (postnatal day 10-15). Slice preparation was performed under the same conditions as previously described (17) .
Prior to recording, slices were incubated with 200 μM DAD in ACSF solution for 3 minutes at room temperature. Recordings were performed at room temperature. Cells were patched using borosilicate glass electrodes (Science Products) with resistances between 6 and 9 MΩ. Intracellular solution for voltage clamp recordings in cortical neurons consisted of 140 mM K-gluconate, 10 mM HEPES, 12 mM KCl, 4 mM NaCl, 4 mM Mg-ATP, 0.4 mM Na-GTP, pH 7.3, with KOH (ca. 300 mOsm). Currents were recorded at a holding potential of -60 mV, and 1 μM TTX was added to the extracellular solution. To evaluate the kinetics of blocking/unblocking K v channels light dependently, cells were depolarized from a holding potential of -60 mV to +50 mV. During the depolarization, pulse DAD was switched from trans (dark) to cis (460 nm) and back. Light-induced currents were corrected for desensitization, and t was calculated from this DAD-mediated current trace. For on cell recordings from RGCs and identification of excitatory and inhibitory inputs onto RGCs, patch-clamp experiments were performed in TKO retina in whole-mount configuration. Retinas were treated with 200 μM DAD, as in MEA experiments. For wholecell recordings electrodes were pulled with 4 to 6 MΩ resistance and filled with 120 mM Cs-methansulfonate, 5 mM TEA, 10 mM HEPES, 3 mM NaCl, 10 mM EGTA, 2 mM QX-314, 2 mM Mg-ATG, 0.3 mM Na-GTP, and 1% Lucifer Yellow (Sigma Aldrich) in order to visualize the neurons during the recording. The pH was adjusted to 7.3 with CsOH. Excitatory inputs were recorded at a holding potential of -60 mV, and inhibitory currents were recorded at 0 mV. Holding potentials were corrected as described previously (70) .
For investigation of DAD-mediated currents through HCN channels, we used TKO retinas in whole-mount preparation and performed patch-clamp experiments with an intracellular solution containing 140 mM K-gluconate, 10 mM HEPES, 12 mM KCl, 4 mM NaCl, 4 mM Mg-ATP, and 0.4 mM Na 2 -GTP. For on cell recordings, electrodes with resistances between 3 and 5 MΩ were pulled and filled with extracellular solution. Recordings in whole-mount retinas were performed at 34°C.
For bipolar cell patch-clamp experiments, retinal slices were incubated with 200 μM DAD-HCl for 3 minutes. Electrodes were pulled with 12-14 MΩ resistance and filled with intracellular solution containing 140 mM K-gluconate, 10 mM HEPES, 12 mM KCl, 4 mM NaCl, 4 mM Mg-ATP, 0.4 mM Na-GTP, and1% Lucifer Yellow, pH 7.3, with KOH or 120 mM Cs-methansulfonate, 5 mM TEA, 10 mM HEPES, 3 mM NaCl, 10 mM EGTA, 2 mM QX-314, 2 mM Mg-ATG, 0.3 mM Na-GTP, and 1% Lucifer Yellow.
Recordings were performed with the EPC 10 USB amplifier controlled by Patchmaster software (HEKA). Acquisition rate was 50 kHz, and data were filtered at 2.9-10 kHz. Holding potentials were corrected for their liquid junction potentials. Cortical neurons with leak currents >200 pA or series resistances of >25 MΩ, RGC patch-clamp recordings with >250 pA or series resistances of >25 MΩ, and bipolar cell recordings with >50 pA and >25 MΩ were excluded from analysis.
Light stimulation. MEA recordings were performed with a MCS software-controlled 460-nm LED lamp (UHP-Mic-LED-460, The extinction coefficient was determined by measuring absorption of 0.5, 1, 5, 10, and 50 μM DAD, while illuminating with 460-nm light. The extinction coefficients for all concentrations were calculated using Lambert-Beer's law and averaged. The linear fit of the absorption versus DAD concentration was used to determine the accuracy of the measurements.
Statistics. Statistical significance (P values) was calculated using the signed Wilcoxon rank-sum test for paired data and the nonsigned Wilcoxon rank-sum test for unpaired data, unless stated otherwise. Results were considered significant at P < 0.05. Error bars are presented as mean ± SEM of the mean unless otherwise indicated.
Study approval. All animal use procedures were approved by the University of California, Berkeley, and/or the University of Washington Institutional Animal Care and Use Committees. 
